Introduction
A glazed flat plate collector (FPC) consists of a metal absorber in a flat rectangular casing. A glass cover on the upper surface and insulation at the bottom and sides reduce thermal losses. Air is present in the space between the metal absorber and transparent cover. The flat metal plate serves as a heat exchanger that absorbs solar radiation, converts it into heat and transfers the heat to a flowing fluid. The heat can be used directly if water is used as the transfer fluid or transferred to water in a storage tank using a heat exchanger if a solar fluid is used [1] .
The annual average efficiency of well designed solar water heating systems (SWHSs) with FPCs in northern temperate climates is typically around 35-40% [2] . Temperate climates are those without temperature extremes and precipitation (rain and snow) with changes between summer and winter being generally refreshing without being frustratingly extreme. A temperate weather however, can have a very changeable weather in both summer and winter. One day it may be raining, the next it may be sunny. These climates are located in zones in the range of latitudes between 40 and 60/70 o North [3] .
Solar energy collectors are the main component of SWHSs therefore evaluating their thermal performance is vital. A number of studies on the performance of FPCs have been carried out under steady-state and quasi-dynamic test conditions following EN 12975-2 [4] and ASHRAE 93-86 [5] standards. Zambolin and Del Col [6] carried out a comparative performance analysis of the thermal performance of flat plate and evacuated tube collectors in Padova, Italy. They presented a new set of data collected for both flat plate and evacuated tube collectors tested simultaneously from steady-state and quasi-dynamic efficiency tests following the standard EN 12975-2.
Tiwari et al. [7] analysed the performance of solar FPCs manufactured in India with F R U L values ranging between 5.139 and 7.024. Amer et al. [8] developed a transient method to characterise the dynamic behaviour of solar FPCs and validated their results for F(τα) e and FU L against those obtained from steady state tests based on the ASHRAE 93-86 standard. They also investigated the effects of inlet temperature and incidence alngle on collector parameters. Chen et al. [9] carried out tests to evaluate the efficiencies of two solar FPCs at different flow rates. Sakhrieh and Al-Ghandoor [10] conducted an experimental study to characterise the overall performance of four types of FPCs and an evacuated tube collector used in Jordan.
Data obtained from these tests are used to characterise collectors using efficiency curves. However, these test conditions do not represent typical weather and operating conditions under which SWHSs are subjected to. Consequently, other studies have focused on evaluating the performance of SWHSs under real weather conditions. Rodríguez-Hidalgo et al. [11] studied the performance of a 50 m 2 solar FPC array for domestic hot water heating and cooling applications in Madrid, Spain. [12] studied the behaviour of a SWHS with 3 m 2 FPC and a 68 L hot water tank in Cyprus using data collected over 2 years. Ayompe et al. [13] compared the year round energy and economic performance of two SWHSs with flat plate and evacuated tube collectors operating under the same weather conditions in Dublin, Ireland. Building Research Establishment [14] evaluated the performance of a SWHS in Cambridgeshire, UK which had a flat plate solar panel (Clearline V30) manufactured by Viridan Solar, UK. The test rig included an automated system that incorporated the effects of the auxiliary heating system (boiler or immersion heater) and daily hot water use of the average European household described by the EU reference tapping cycle (EU M324EN) equivalent to 100 litres at 60°C. Their results showed that over a year, the 3 m 2 collector generated 5,266 MJ of heat accounting for 57% of the hot water requirement. This paper presents results on the analysis of the thermal performance of a SWHS with 4 m 2 FPCs using data from a field trial in Dublin, Ireland. The SWHS is typical of systems installed in average sized single domestic dwellings in Ireland with 4-6 inhabitants. An automated sub-system was developed to control hot water draw-offs to mimic the demand for hot water in domestic dwellings. An electric immersion heater was used to provide 'topup' energy when insufficient solar radiation was available, as is typical in Ireland and the UK.
Michaelides and Eleftheriou
The data collected were used to evaluate energy performance indices notably: system component temperatures, collector energy outputs; energy delivered to the hot water tank; collector and system efficiencies; pipework heat loss; and solar fraction on daily, monthly and yearly basis.
Methodology
A forced circulation SWHS with 4 m 2 FPC was installed on a flat rooftop in the Focas Institute, Dublin, Ireland (latitude 53°20' N and longitude 6°15') and its thermal performance was monitored over a one year period. The SWHS had a 300 litre hot water tank equipped with an electrical auxiliary immersion heater which was used to top up the tank temperature to 60 o C in the morning and evening whenever the solar coil fell short of doing so. An automated hot water draw off system was developed to mimic domestic hot water use (volumetric flow rates are shown in Fig. 1 ). System performance data were collected every minute. The stainless steel hot water tank (model HM 300L D/coil U44332) was 1,680 mm high with a diameter of 580 mm and an operating pressure of 3 bar. The tank was equipped with an electric immersion heater of 2.75/3.0 kW capacity located at the middle of the tank.
The tank had a heating coil with surface area of 1.4 m 2 and a rating of 21 kW.
The hot water demand profile employed was the EU reference tapping cycle number 3 (see Fig. 1 ), equivalent to a daily energy output of 42.1 MJ representing 199.8 litres of water at 60 o C. It is based on hot water use of the average European household described in the European Union mandate for the elaboration and adoption of measurement standards for household appliances EU M324EN [15] .
An automated hot water dispensing unit was designed and incorporated into the SWHS to draw-off water from the hot water tank in such a way as to mimic real life operation by households. The unit includes a programmable logic controller (PLC), contactors, relays, electrical fittings, solenoid valve, thermostat and impulse flow meters. A software program was written to control the auxiliary heating system as well as opening and shutting the solenoid valves. Fig. 2 shows a flow chart of the daily operation of the PLC. The PLC turned on the immersion heater at the middle of the hot water tank between 5-8 am and 6-9 pm daily just before the two peak hot water draw-offs to ensure that hot water was available when
needed. An analogue thermostat placed at the top of the hot water tank was set to turn off the electricity supply to the immersion heater when the temperature of the water at the top of the tank exceeded 60 o C. Hot water was dispensed using a solenoid valve that was opened and closed using signals from the PLC. A pulse flow meter (1 pulse per litre) installed at the end of the solenoid valve was used to count the number of litres of water extracted from the hot water tank. The solenoid valve was closed when the required volume of water was dispensed based on the water demand profile (see Fig. 1 ). Global solar radiation on the collector's surface, ambient temperature and wind speed data were measured using a weather station consisting of an SMA Sunny Sensor Box equipped with an ambient temperature sensor and an anemometer. The solar radiation sensor had an accuracy of ±8% and a resolution of 1 W/m 2 . The PT1000 platinum temperature sensors had an accuracy of ±0.5 o C while the ambient temperature sensor was a JUMO PT 100 U type with accuracy of ±0.5 o C. The anemometer was a Thies small wind transmitter with accuracy of ±5%. Weather data was logged at 5 minute intervals using a Sunny Box WebBox.
Energy performance analysis
The energy performance indices evaluated in this study include: energy collected, energy delivered and supply pipe losses, solar fraction, collector efficiency and system efficiency.
Energy collected
The useful energy collected by the solar energy collector is given as [16] :
Energy delivered and supply pipe losses
The useful energy delivered by the solar coil to the hot water tank is given as
Supply pipe losses were due to the temperature drop as the solar fluid flowed between the collector outlet and the solar coil inlet to the hot water tank. These losses were calculated as:
Solar fraction
The solar fraction (SF) is the ratio of solar heat yield to the total energy requirement for water heating and is given as 
Collector efficiency
The collector efficiency was calculated as [17, 18] :
System efficiency
The system efficiency was calculated as [17, 18] : Heating with immersion heater 0.062 and 0.092 kg/s. During the clear sky and intermittent cloud covered days the pump operated at six different flow rates 0.047, 0.062, 0.092, 0.111, 0.130 and 0.149 kg/s depending on the intensity of solar radiation. On the clear sky day the flow rates during solar noon were 0.130 and 0.149 kg/s. Table 1 shows the percentage of time the SWHS pump operated at different flow rates. Fig. 11 shows a scattered plot of the daily energy collected against solar energy input. It is seen that the daily energy collected by the FPCs has a linear relationship with daily solar energy input with correlation coefficient (R 2 ) of 0.9439. The high correlation coefficient shows that the daily energy collected by the FPCs can be predicted for any given day known total daily solar energy using equation 7 given as: temperatures. The total annual supply pipe heat loss for the SWHS was 1,171.7 MJ corresponding to 16.4% of energy collected by the FPC and 19.8% of energy delivered to the hot water tank. The supply pipe length should therefore be kept as short as possible and all joints insulated to reduce heat losses. However, this was not the case for our test rig since the hot water tank was located inside the boiler room of the building on which the FPC was installed. Using the uncertainties of the measuring instruments presented in section 2.2 and the methods outlined in Mathioulakis et al. [19] and Bell [20] , the combined standard uncertainty for measured efficiency and energy collected were calculated as 5.7% and 2.0% respectively. The expanded uncertainty for a 95% level of confidence assuming that the combined uncertainty is normally distributed is 11.4% for measured efficiency and 4.0% for energy collected.
Energy collected, delivered and losses
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Conclusions
The year-round energy performance analysis of a commonly installed SWHS with FPC in a temperate climate was carried out using a field trial installation in Dublin, Ireland. The 
